Flexible scintillators for digital x-ray image sensors were designed, fabricated and characterized. In these scintillaotrs, terbium-doped gadolinium oxysulfide (Gd 2 O 2 S:Tb) scintillator pixels were embedded into a polyethylene (PE) substrate. To evaluate the difference in the spatial resolution according to the pixel size, we designed three scintillators with pixels of different pitch sizes: 50 μm pitch size (P50), 100 μm pitch size (P100) and 200 μm pitch size (P200). Because of the high flexibility and good formability, polyethylene was used as the substrate of the scintillator. To fabricate nickel micromolds with high-aspect-ratio microstructures, two microfabrication techniques were employed: silicon dry-etching using a deep reactive ion etching (DRIE) process and nickel electroforming. The pixelated PE microstructures were fabricated by a hot embossing process. Because the solution-type Gd 2 O 2 S:Tb precursor can be handled at room temperature, Gd 2 O 2 S:Tb was used as the scintillator material. The measured sensitivities of the P50 and P100 models were, respectively, about 65% and 97% of that of the P200 model. The lower sensitivity values of the models with a small pitch size were due to two factors, such as the different pixel heights and the different fill factors. Because a scintillator with a small pixel size has a low fill factor, the sensitivity of the scintillator decreases as the pixel size decreases. The fill factors of the P50, P100 and P200 models were 36%, 49% and 56.25%, respectively. On the other hand, the spatial resolution of the scintillator increases as the pixel size decreases. Therefore, P50 gave the best spatial resolution among the designed models. The spatial frequency at 10% of the modulation transfer function (MTF) with P50 was 13.5 mm −1 , while that with P200 was 10.0 mm −1 . The resolution pattern and the tooth x-ray images obtained from a scintillator with a smaller pixel size was also clearer than that obtained from a scintillator with a larger pixel size. PE-based flexible Gd 2 O 2 S:Tb scintillators can be utilized directly in flexible x-ray image sensors.
Introduction
X-ray imaging has become the most widely used method for non-invasive medical diagnosis and non-destructive engineering material characterization. Over the last several decades analog x-ray film detectors, as shown in figure 1(a) , have been used. However, these conventional x-ray film detectors are being rapidly substituted by digital x-ray detectors shown in figure 1(b). With respect to x-ray film detectors, the 'film development' process must be carried out to obtain an x-ray image, as shown in figure 1(a) . On the other hand, with respect to digital x-ray detectors, the x-ray image captured by the detectors can be visualized through a monitor immediately in real time, as shown in figure 1(b) . Therefore, compared with analog x-ray film detectors, digital x-ray detectors have many technical benefits such as no film development process, high resolution, real-time image observation, easy image storage, simple file transfer, and so on. Recently, because of the computerization and standardization of medical images and information, more and more hospitals are adopting the picture archiving and communication systems (PACS) . To keep pace with this change, x-ray image detectors are becoming digitalized [1] .
X-rays are converted into an electric charge by two detection mechanisms, direct conversion and indirect conversion, as shown in figure 2 [2] . As shown in figure 2(a), direct conversion detectors have an x-ray photoconductor, which is mostly deposited on a pixel array of conductive charge collection electrodes. The commonly used photoconductive materials include amorphous selenium (a-Se) and lead iodide (PbI 2 ). As soon as the incident x-rays are absorbed by the photoconductor, electron-hole pairs are produced. The electron-hole pairs are then converted into signal charges. Therefore, the x-ray photoconductor directly converts x-ray photons into an electric charge. On the other hand, indirect conversion detectors have a scintillator and photodiode array, as shown in figure 2(b) . The scintillator converts the incident x-rays into visible light, and the photodiode array then converts the visible light into electric charges.
Although the direct conversion method intrinsically has a high spatial resolution, it has several drawbacks, such as its need for very high bias voltage, serious lag and ghosting problems [3] . On the other hand, the indirect conversion method does not need a high bias voltage and does not suffer from the lag and ghosting problems so seriously. In addition, the indirect conversion detectors are much easier to fabricate than the direct ones. However, indirect conversion gives a relatively lower spatial resolution than direct conversion. As shown in figure 2(b) , the converted visible light in the scintillator scatters in all directions, degrading the spatial resolution. To overcome this problem, two different approaches have been attempted: growth of the scintillator material with columnar structures and pixelation of the scintillator using microelectromechanical system (MEMS) fabrication technology [4] . Several research groups have tried to fabricate columnar-structured cesium iodide (CsI) scintillators [5] [6] [7] [8] . The scintillators incorporating columnar structures still showed resolution limitations due to the crosstalk of the optical photons [3] .
The second approach is the pixelization of the scintillator, as shown in figure 2(c) .
The septa of the pixel structures prevent the scattered visible light from spreading to neighboring pixels. However, in the second approach, the fabrication of microcavities that have a high aspect ratio and high fill factor array has been a challenge. Several researchers have tried to fabricate microcavity arrays using MEMS technology. Badel et al fabricated high-aspect-ratio silicon microcavity arrays using deep reactive ion etching (DRIE) and electrochemical etching techniques [9, 10] . Zhou et al fabricated high-aspect-ratio SU-8 microstructures directly onto a photodiode array as a reflector [11] . However, all these microstructured scintillators were fabricated with very rigid substrates. Although all photoresists including SU-8 are made of polymer, they are still stiff but fragile when bent. Moreover, microcavity arrays made from photoresists are also fabricated on very rigid substrates such as silicon or glass; therefore, they do not have flexibility. We introduced a new terbium-doped gadolinium oxysulfide (Gd 2 O 2 S:Tb) scintillator pixelated with polyethylene (PE) microstructures [12] . This new type of scintillator can be easily bent. In our previous research, to examine the fabrication feasibility, a scintillator with a comparatively large pixel size (scintillator pixel size: 330 × 330 μm 2 ; lattice wall thickness: 70 μm) was designed and fabricated. Because of the limitation in the replication of PE microstructures, it was very difficult to fabricate PE microstructures with a high aspect ratio and small pitch in the previous research. In this study, we design and fabricate scintillators of three different pixel sizes that are much smaller than the previous pixel size. In addition, we compare the spatial resolutions of the three scintillators according to the pixel size and evaluate the applicability of these scintillators by production of x-ray images of a resolution pattern and a tooth.
Design
The square-pillar-type Gd 2 O 2 S:Tb scintillator pixels are fully embedded into the PE substrate, as shown in figure 3 . Each pixel is separated by the polymer lattice. To compare the spatial resolution according to the pixel size, we designed three scintillators with pixels of different pitch sizes, 50 μm (P50), 100 μm (P100) and 200 μm (P200), as shown in table 1. The total size of the scintillator prototype was designed to be 2 cm × 3 cm. The depth of the microcavities, which defines the height of the scintillator pixels, was designed to be 200 μm. However, due to the open area effect in the silicon dry-etching process using DRIE, the etch depth of each model [13] . Because three models were designed on the same photomask and fabricated on the same substrate, their process conditions were identical. P200 had the largest open area among the three models, and thus P200 had the deepest cavity. The surface of the PE microcavities was coated with Cr/Al metal layers to increase reflectivity. Cr served as an adhesion promotion layer between PE and Al, and Al served as a reflector. The thicknesses of the Cr and Al layers were designed to be 100 nm and 500 nm, respectively. The total visible-light reflectivity for the 500 nm thick Al was measured to be over 86%.
Fabrication

Materials
The AZ5214E photoresist was purchased from Clariant (Swiss), and 6 inch silicon wafers were purchased from LG Siltron (Korea). PE was purchased from 3A MEDES (Korea), and nickel electroplating solution was obtained from DisChem (USA). Buffered oxide etchant (BOE) and potasium hydroxide (KOH) were purchased from J T Baker (USA), and Cr etchant (CR7SK) was obtained from CYANTEK Corporation (USA). Gd 2 O 2 S:Tb particles were obtained from Phosphor Technology (UK). Because the solution-type Gd 2 O 2 S:Tb precursor can be handled at room temperature, Gd 2 O 2 S:Tb was used as the scintillator material. Owing to the low melting temperature of PE (130 • C), the room temperature filling process of scintillator materials was necessary. The particles were mixed with deionized water, poly vinyl alcohol (SigmaAldrich, USA), isopropyl alcohol (DC Chemical, Korea) and surfynol (Chunghan Chem International, Korea) to prepare Figure 4 shows the intensity emitted from the Gd 2 O 2 S:Tb material according to the wavelength of visible light, and the scintillator showed a peak wavelength of 544 nm [14] . All other materials used were of the highest quality available and purchased from regular sources. For solutions, doubly distilled and deionized water with a specific resistance over 18 M cm was used throughout the study. with the growing of a 500 nm thick silicon dioxide layer and subsequent photolithographic process ( figure 5(a) ). The open area of the silicon dioxide layer is then etched using BOE ( figure 5(b) ), followed by the silicon top surface, which is vertically etched to 200 μm depth using the DRIE system (STS, UK) ( figure 5(c) ). After that, the remnant silicon dioxide is removed by BOE, followed by the wet oxidation and silicon dioxide removal processes ( figure 5(d) ). To remove the nanoscallops formed on the sidewalls of the etched silicon microstructures, a 500 nm thick silicon dioxide layer is grown in a wet air oxidation tube and removed by BOE. By the growth and removal of the silicon dioxide, the nanoscallops disappear. Repetitive nanoscallops are generated by the cycles of alternating silicon isotropic etching and sidewall passivation in the DRIE process. Figures 6(a) and (b) show the profiles of the sidewalls before the oxidation and after the oxide removal. The smooth sidewall surfaces give two important technical merits: easy separation of the molded PE substrate from the Ni mold and improvement of the reflectivity. Figure 7 (a) shows a photo of a full silicon wafer after the silicon dioxide removal process depicted in figure 5(d) .
Fabrication of a Ni micromold
In the next process, a 200 nm thick Cr layer is deposited on the microstructured silicon surfaces using a sputtering system (Atech, Korea) ( figure 5(e) ). The sputtered Cr layer serves as a conducting seed layer in the following Ni electroforming process. A 1 mm thick Ni layer is then electrodeposited using an electroforming system (Sungwon forming, Korea) ( figure 5(f ) ). The Ni mold fabrication process is completed with the removal of the silicon substrate and Cr seed layer ( figure 5(g) ). KOH and CR7SK solutions were used to etch the silicon and Cr, respectively. Figure 7(b) shows a photo of a fabricated Ni mold of 6 inch diameter.
Replication of PE microcavity arrays
To replicate PE microcavity arrays, a 0.5 mm thick PE substrate was embossed with the fabricated Ni mold at a molding temperature of 100
• C and pressing force of 16 kN using a hot embossing system (Jenoptik, Germany) (figures 5(h) and (i)). Then, the molded PE substrate was separated from the Ni mold ( figure 5(j ) ). PE, which is a widely used material for forming artificial teeth in dental clinics because of its good formability and flexibility, was selected as the substrate material in this study. Cr (100 nm) and Al (500 nm) layers were then consecutively deposited onto the surface of the PE microcavities by the sputtering system ( figure 5(k) ). Figure 7 (c) shows a photo of a replicated PE substrate.
Filling of Gd 2 O 2 S:Tb scintillator material
The solution-type Gd 2 O 2 S:Tb scintillator precursor is poured onto the PE microcavity arrays ( figure 5(l) ). After the Gd 2 O 2 S:Tb particles are precipitated into the microcavities ( figure 5(m) ), the solution remaining on the PE microstructure surface is removed by the doctor blade (figure 5(n)) [6] . In the next process, the remnant solvent is evaporated, and thus the Gd 2 O 2 S:Tb scintillator precursor is solidified. Due to the shrinkage of the Gd 2 O 2 S:Tb caused by the solvent evaporation, the precipitation-and-evaporation step is repeated until the Gd 2 O 2 S:Tb is fully filled in the microcavities ( figure 5(o) ).
Fabrication results
Figures 8(a)-(c)
show cross-sectional and inclined SEM images of the fabricated PE microcavity arrays of P50, P100 and P200, respectively. Because PE is very soft, it was very hard to clearly cut the samples, so the microstructures near the cutting line were damaged during the cutting. The microcavity depths of the P50, P100 and P200 models were measured to be 140 μm, 188 μm and 249 μm, respectively. Nonuniformity in the microcavity depth of each model originated from the variation of silicon etch rates due to the different open areas [13] . Figures 9(a)-(c) show SEM images of the fabricated Gd 2 O 2 S:Tb scintillators of the P50, P100 and P200 models, respectively. Figure 9 shows that the scintillator precursors were fully filled in the microcavities without trapping microbubbles. The height of the fabricated Gd 2 O 2 S:Tb scintillator pixels of each model was the same as the depth of the PE microcavities of the model. However, the scintillators were over-deposited in this filling process. The thickness of the over-deposited scintillator of each model was almost the same, 43 μm. The over-deposition of the scintillator was caused by imperfect doctor blading. Figure 10 Figure 11 shows the setup that was used for the characterization of the fabricated scintillators. As shown in figure 11(a) , the fabricated scintillators were overlaid on the CMOS photodiode array (RadEye TM 1, Rad-icon, USA). A thin polyurethane foam layer was placed on the scintillator for uniform compression between the scintillator and the CMOS photodiode array, and finally a graphite cover plate was mechanically clamped. The specification of the CMOS photodiode array is summarized in table 3. As shown in figure 11(b) , the x-ray source (Series 5000 Apogee, Oxford Instruments, USA) and the x-ray detector stand face to face. 
Characterization and discussion
Setup for x-ray imaging
Characterization results and discussion
The x-ray detector was exposed to a flood field of 45 keV x-ray for 550 × 10 −3 s. To compare the sensitivity between the fabricated scintillator samples, tube current was applied in increasing steps of 0.1 mA in the range of 0-0.9 mA. The sensitivity was measured by averaging the pixel values in the obtained images as a function of the tube current. Figure 12 shows the measurement results of x-ray sensitivity for each sample according to the x-ray tube current. The measured sensitivities of the P50 and P100 models were, respectively, about 65% and 97% of that of the P200 model. The lower sensitivity of the models with small pitch size is very likely caused by two factors, the different pixel heights and the different fill factors. The fill factor is defined as the percentage of the active pixel area over the substrate area. The fill factors of the P50, P100 and P200 models were 36%, 49% and 56.25%, respectively. Since a scintillator with a low fill factor and small pixel height has a smaller volume to absorb the x-rays than a scintillator with a high fill factor and large pixel height, the total conversion efficiency per incident x-ray photon of the former scintillator is lower than that of the latter one. Each digitalized image obtained from three fabricated scintillators was analyzed to evaluate their spatial resolutions. To avoid aliasing, the slanted slit method was used to obtain the modulation transfer function (MTF). A narrow slit of 10 μm width was used for the measurement. The MTF was calculated from the Fourier transform of the line spread function data [4] . Because the MTF is highly dependent on light scattering, it is very useful to evaluate the spatial resolution according to the pitch size of the scintillator pixel. Figure 13 compares the MTF of the fabricated scintillators. Figure 13 shows that the MTF increases as the pixel size of the scintillator decreases. A higher MTF means better spatial resolution. As shown in figure 13 , the spatial resolutions of the P50, P100 and P200 models at 10% of MTFs were 13.5 mm −1 , 12.8 mm −1 and 10.0 mm −1 , respectively. Figures 14(a) -(c) show x-ray images of the resolution pattern and the tooth obtained from the P50, P100 and P200 models, respectively. The x-ray images obtained from a scintillator of a smaller pixel size were clearer than those obtained from a scintillator of a large pixel size. Smaller pixel size in a scintillator was found to be helpful in enhancing the spatial resolution. However, for a more accurate performance comparison between the samples, two problems need to be solved: the different scintillator pixel heights and the over-deposited scintillator layers originating from the limitation in microfabrication. In addition, detective quantum efficiency (DQE) needs to be obtained from each sample to compare the performances of the three samples. In a future study, we will fabricate new pixel-structured scintillators that will solve the two aforementioned problems and discuss their performances including DQE.
Conclusions
Flexible Gd 2 O 2 S:Tb scintillators pixelated with PE microstructures for digital x-ray image sensors were fabricated and characterized. In this study, to evaluate the spatial resolutions according to the pixel size, three scintillators with different pitch sizes of the pixels were fabricated: 50 μm pitch size (P50), 100 μm pitch size (P100) and 200 μm pitch-size (P200) scintillators. Because of the high flexibility and good formability, PE was used as the substrate material. The pixelated PE microstructures were fabricated by the hot embossing process. The hot embossing process can be substituted for the injection molding process. Compared with other microfabrication techniques including silicon and metal microfabrication, these polymer microreplication techniques render relatively low production cost and high volume production.
The measured sensitivities of the P50 and P100 models were, respectively, about 65% and 97% of that of the P200 model. The lower sensitivity values of the models with a small pitch size were very likely due to two factors, such as the different pixel heights and the different fill factors. Since a scintillator with a low fill factor and small pixel height has smaller volume to absorb the x-rays than a scintillator with a higher fill factor and large pixel height, the total conversion efficiency per incident x-ray photon of the former scintillator was lower than that of the latter one.
On the other hand, the spatial resolution of the scintillator was enhanced as the pixel size decreased. The spatial resolutions of the P50, P100, and P200 models at 10% of MTFs were 13.5 mm −1 12.8 mm −1 and 10.0 mm −1 , respectively. The MTF increased as the pixel size of the scintillator decreased. The resolution pattern and the tooth x-ray images obtained from a scintillator with a small pixel size were also clearer than those obtained from a scintillator with a large pixel size. Through the microfabrication and the performance evaluation of the Gd 2 O 2 S:Tb scintillators pixelated with PE, we confirmed that they could be applied to next-generation flexible x-ray image sensors.
